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Nonlinearly induced entanglement in dissipatively coupled
optomechanical system

Wen-Quan Yang(# 3 4), Xuan Leng(¥4#F), Jiong Cheng(F£i), and Wen-Zhao Zhang(ik [ 41)
Department of Physics, Ningbo University, Ningbo 315211, China
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Nonlinearly induced steady-state photon—phonon entanglement of a dissipative coupled system is studied in the
bistable regime. Quantum dynamical characteristics are analysed by solving the mean-field and fluctuation equations of
the system. It is shown that dissipative coupling can induce bistable behaviour for the effective dissipation of the system.
Under suitable parameters, one of the steady states significantly reduces the dissipative effect of the system. Consequently,
a larger steady-state entanglement can be achieved compared to linear dynamics. Furthermore, the experimental feasibility
of the parameters is analysed. Our results provide a new perspective for the implementation of steady-state optomechanical

entanglement.
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1. Introduction

Entanglement stands as a pivotal quantum resource!!=!

with extensive applications in quantum computation, 4!

[7-91 and so on. Various systems, includ-

quantum information,
ing optical,'%! atomic,!'"'?! and magnonic systems, [!314] ex-
hibit evident entanglement. Notably, the optomechanical sys-
tem offers a versatile platform for studying photon—phonon
entanglement,['3-17] thereby delving into fundamental theo-
ries and quantum information manipulation.!!%1°1 Optome-
chanical entanglement is investigated in both theoretical ?%-!]
and experimental?>4 aspects. Recent attention has gravi-

tated towards dissipative coupling optomechanical systems !>

in contrast to traditional dispersive coupling,[?%!

owing to
their distinctive properties via optical dissipation modula-
tion by mechanical displacement. Dissipative coupling was
first proposed theoretically in Ref. [25] and confirmed ex-
perimentally in Ref. [27]. It has been observed in di-
verse systems, including Michelson—Sagnac interferometer
with a movable membrane,?8! nanomechanical waveguide
coupled with a microdisc resonator,!*®! whispering-gallery
mode coupled with a tapered fiber®” and photonic crystal

131

cavity.3!! Leveraging dissipative coupling, numerous phys-

ical phenomena have been investigated, encompassing elec-

(32331 magnetic field in-

g,125.35]

tromagnetically induced transparency,

134] mechanical oscillator coolin

36,37]

duced nonreciprocity,
and output light squeezing.|

Both dispersive and dissipative coupling, altering
frequency and dissipation through mechanical oscilla-

tors, are fundamentally nonlinear
26,38-40]

in optomechanical

These nonlinear effects have been ex-
40-42] op-

systems. !
tensively studied, including optical bistability,!
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tomechanically induced transparency,3%43-41  quantum
synchronization,#7#8] and photon blockade.**-3? Notably,
optomechanical coupling-induced nonlinearities offer advan-

24,43.53-551 Moreover, when combined

tages for entanglement.[
with nonlinear effects, dissipative coupling holds promise
in few-photon manipulation!*®>71 by safeguarding quantum
properties through optical bandwidth modulation. These stud-
ies provide a way to combine the advantages of nonlinear and
dissipative coupling to protect and generate entanglement.

In this paper, we study the classical nonlinear effects of
dissipative coupling system, and discuss quantum entangle-
ment within the bistable region. We examine a hybrid cou-
pled optomechanical system where dispersive and dissipation
couplings coexist. The bistability of the mechanical oscil-
lator displacement is determined by the dynamical analysis.
Frequency and dissipation are simultaneously modulated the
bistable mechanical oscillator in our system, which affects the
quantum characteristics. Our results show that the dissipa-
tively coupled optomechanical system with significant bista-
bility can effectively enhance the driving strength. Specifi-
cally, with increasing dissipative coupling strength, both pho-
ton number and cavity dissipation experience a notable de-
crease in the bistability regime, and potentially reaching K¢ ~
0 at the solvable boundary. More importantly, we find that
nonlinearly induced entanglement is approximately 50 times
higher than the linear case for experimentally achievable pa-
rameters. The paper is organized as follows. In Section 2,
we introduce the system Hamiltonian and analyse the bistable
region of a dissipatively coupled optomechanical system. In
Section 3, we study the entanglement in the bistable region.
Finally, we conclude and discuss the application prospects of
our scheme in Section 4.
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2. Model and Hamiltonian

An optomechanical system in which the cavity frequency
@, (dispersive coupling) and the linewidth « (dissipative cou-
pling) are modulated by a mechanical oscillator is shown in

Fig. 1. The Hamiltonian of the model is given by!?®!
A 1 A N
H/h = a)C(Q)éTé+§wm(Q2+P2)
+iV/K(Q)(E ene 1 — el el (1)

where ©.(Q) =
modified optical frequency, and g, is the dispersive cou-

w: + ng denotes the resonator displacement-

pling rate (the commonly used optomechanical coupling rate).
¢ is the bosonic operator of the cavity with frequency @.
Q= (hb+b"/v2and P = i(h" —b)/+/2 are the dimension-
less displacement and momentum operators, respectively. b
is the annihilation operator of the mechanical oscillator with
frequency @n,. Cin = €4+ dip denotes the input of the cav-
ity, which contains a classical component (g4) and a quan-
tum component (di,). & = \/W is the amplitude of
the laser driving with power Py and frequency ®y. dj, is
the input vacuum noise of the cavity with the correlation
{ain(1)al (1) = (1 —1'). K(Q) = K+ gx0 = k(1 +g¢0/)
is the resonator displacement-modified optical linewidth. >8]
k and g, denote uncoupled linewidth and dissipative cou-
pling rate, respectively. In combination with the displacement-
modified input—output relation, the dynamical equations of
the system under frame rotation at the laser frequency in the

Markovian regime are given by!?8)
0 = onP, (2a)
P = —on0—guto— —55 _(¢Tey —ecl)
2y/k(Q)
—YP+ /P, (2b)
é = (A +ng +7 c+ VALY Cln; (2¢)

where A = @, — @q is the detuning between the cavity and

the input laser. ¥ is the mechanical damping rate and py, is the
o)) =
3(® — @ )ng, where ny, = [exp(hion /kgT) — 1] describes
the thermal phonon number with temperature 7. In the above
Langevin Eq. (2), the commutation relation [P,/k(Q)] =

_ 18k
2¢/%(0Q)

. o (1/2)(1/2—1)--(1/2—n+1) ; g0

ries \/k(0) = VKL, i )/ ,)l! (A/ nt N%)” and the

commutation formula [P,0"] = —inQ"~!. Under the strong

driving and weak coupling condition, we can decompose the

mechanical input noise operator satisfying ( ﬁ;fn (@) pin(

is obtained by utilizing the expansion of the se-

above dynamical equations into a nonlinear classical part and
a linear quantum part. The corresponding operator can be di-
vided as Q = Q+@, P = P+ p, ¢ = ¢+a, in which O = (0).
A series expansion of \/k(Q) = VkK\/1+gx0/Kk+gx4/x

. A gxq/x 4 2
yields /ie(y/1+ g0/ + ;AL — 1+gKQ/K)+0[g’<‘1/K]'

the condition g,§/x < 1, we can make use of the first-order

approximate \/x(Q) ~ vk(\/1+gxQ/Kk+ 2\/%). The

nonlinear classical dynamical equations are

Under

Q =

= ~ % — 18k &4 sk D
P = —on0—got'e— —50 (& —¢)— 7P,
. 1

¢ = [ (Ac+800) + (K+g;<Q)

+1/ K+ gk 0&4. 3)

For exploring the long-time dynamical behavior or detection
of quantum systems, we can safely use the classical steady-
state solutions to modify the parameters in quantum dynamics.
Under this premise, Eq. (3) can be written as

(E* - C_)7

igx€d

2\/K+8KQ_
1
0= [(A +800)+ 1 (1 2:0)] ¢

+1/ K+ gk 0% )

It is evident that the classical part of the system exhibits typ-
The mean-field-
modified linearized quantum dynamical equations are

0= —0n0—guc'c—

ical characteristics of nonlinear dynamics.

é].\ = a)mﬁv
p=—ong—(Ghpa+God ) — Yp+/VPin
i * A AT 8x&d AT A
_\/@ [(Gkain—Gkain)—i— 5 (a —a)},
4 = — (10ft+ Ker) 4 — (Gx +1Go)§
A &,
+/ Kefidin + g« g, )

2/ Ketr

where Gy, = ¢ and Gy, = Cgi/2 denote the mean-field-
enhanced dispersive and dissipative coupling, respectively.
Ot = Ac + 800 and Koy = K + gQ denote the mean-
displacement-modified frequency and dissipation, respec-
tively. It is evident that the classical mean value impacts the
behavior of quantum dynamics through the parameters. For
conventional optomechanical systems, the displacement of the
movable mirror by optical force action reduces the optical fre-
quency through the cavity length. According to the expres-
sion of @, we can obtain that Q is negative. In weak driving
and linear conditions, the value of Q is generally small and
is usually ignored. However, under nonlinear conditions, Q
can be significant and has a non-negligible decrease to @
and xefr. This nonlinear dynamics affects the equations of the
quantum part through effective frequency, effective dissipa-
tion, and average photon number (ny = ¢*¢), thus exhibiting
different quantum characteristics of the system.
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Mechanical mode
8k

8w #(Q)

Optical mode y

Fig. 1. Schematic structure of the dissipative coupled system, where the
dissipation of the optical mode O is modulated by the mechanical mode M.

As shown in Fig. 2, classical nonlinear behavior is illus-
trated. The grey area in the figure represents the unsolvable
parameter region, where the roots are mathematically legiti-
mate but do not correspond to any physical meaning (the so-
lutions in this region do not satisfy the law of conservation
of energy). The dotted-lines indicate unstable branches of the
system, [*>°°1 which represent the transition state between the
two steady states. It is similar to the peak point of the potential
field, although the solution at this point exists, all the energy
around it is lower, thus with a slight perturbation, the state of
the system will fall to one of the two steady states. As the
driving strength or coupling rate is increased from small val-
ues, the system is initially at the first stable branch labelled as
I and represented by the solid-line in the figure. When the pa-
rameters approach the end of the I branch, a small increase will
cause a switch of {ng, Keff, Wt } to the second stable branch IT
with dashed-line. Conversely, when the system is on the II
branch, the parameters approach the beginning of the second
stable branch. If the parameters are decreased even further,
the system switches back to the I stable branch. As shown in
Fig. 2(a), the enhancement of the dissipative coupling g, de-
creases the steady-state photon number in the cavity. When the
dissipative coupling coefficient reaches a certain value such as
gx =5 X 1072 @y, 7s gradually tends to 0 with the increase
of the driving strength. A similar conclusion is demonstrated
in Fig. 2(b). As the driving strength increases, the effective
dissipation gradually tends to O with g = 5 x 107> @,. This
is a phenomenon distinct from the bistable behavior of con-
ventional optomechanical systems and is an additional effect
introduced by dissipative coupling. According to the expres-
sion for effective dissipation ket = K + g0, the modulation
is only available when g, # O (see red line in the figure). Fur-
thermore, it is known from the Hamiltonian that the driving is
introduced through external input, which means when the ef-
fective dissipation is 0, there is no effective input exists. This
explains the phenomenon in Fig. 2(a) where the photon num-
ber drops to 0 when dissipative coupling is present. As shown
in Fig. 2(c), the effective detuning switches from beam-splitter
type (BS-type) coupling to parametric down-conversion type
(PDC-type) coupling under the modulation of the driving, re-

gardless of the presence of dissipative coupling. This means

we can modulate quantum effects, such as entanglement, by
controlling classical driving.[®*l For g, the key parameter for
inducing nonlinearity, there is a similar effect to that of the
driving, where the system exhibits bistability as g increases,
and the corresponding results are shown in Figs. 2(d)-2(f).
Due to the introduction of dissipative coupling, there is an
effective dissipation ke =~ 0 on the beginning of the second
stable branch (k.fr = 0 is a singularity, which we mark with a
black dot in the figure also classified as an unsolvable region).
It is worth noting that in Fig. 2(d), the unstable and upper so-
lutions are misaligned in the presence of a dissipative coupling
gx. In the figure, the unstable solution shifts up while the up-
per solution shifts down. The reason for this phenomenon is as
we analyzed above, the unstable solution does not satisfy the
law of energy conservation. When dissipation decreases, the
effective input energy of the driving also decreases, and natu-
rally the upper stable branch decreases, whereas the unstable
solution does not satisfy this law.

According to Eq. (5), we can obtain the effective Hamil-
tonian of the quantum component modified by the classical

dynamics,
. i aia L Om, o .
Heir/h = (a)eff 5 Keff> ata+ -5 (P*+4%)
+ (Gia+Gerad") 4, (6)

— 3 ; _8x&d * s vk
where Geir = G — 1G + N and G = Gy, — iGy —
8x&d

N denote the linearized total coupling coefficient be-

tween the optical and mechanical modes. Note that the ef-
fective Hamiltonian contains the dissipative term of the op-
tical mode, which is due to the fact that the dissipative cou-
pling leads to a modification of the input—output relation of
the optical cavity.!3®! Since the dissipative coupling originates
from the correction of the oscillator to the optical environment,
which is non-Hermitian in the Markov regime, thus the term
G in the Hamiltonian containing the dissipative coupling is
also non-Hermitian. The Gefr and G inversely written from
the dynamical equations are also not conjugate.

For bipartite Gaussian states, entanglement is discussed in
dispersive coupled optomechanical systems within the bistable
region.[*?! The introduction of dissipative coupling in our dis-
cussion demonstrates distinct differences and advantages over
purely dispersive coupled systems. Thus, it is necessary to
discuss the entanglement characteristics in dissipative coupled
systems. In terms of the covariance matrix formalism the crite-
rion is called logarithmic negativity, which is defined as¢!:%?]
E, = max[0,—In(2n )], where 11~ is the smallest symplec-
tic eigenvalue of the partially transposed covariance matrix
given by 0~ = (1/v2[Z(V) — /Z(V)2 —4detV]"/?) and
2(V) = det(Vx) +det(Vp) — 2det(Vc). Here, Vi, V3, and
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Ve are 2 x 2 matrices obtained via the covariance matrix (3]

v-(3h 1)

The elements of the covariance matrix are defined as V;; =
(0 + 4;4;)/2, in which 4 = (X,¥,4,p)T.
quadrature operators are defined as X = (4 +a')/v/2 and
Y =i(a" —a)/v/2. The equation of motion for the covari-
641

Va Ve

VCT VB (7 )

The optical

ance matrix is given by!

V(t)=A)V()+V()AT(1)+ D, (®)
where the input noise matrix D = diag(kefr/2, Ketr/2,0, yny,)
with nfy = np + |Gi|?/(Ketry) being the effective thermal
noise. With the help of the effective Hamiltonian, the system

coefficient matrix is given by

_ Kefr G*ff_Geff
2 Weff — V2 0
Keff i(GegrtGerr)
— Weff -5 ——=""0
4= 0e O2 \g ®
WOm
- (G:%Geff) i(Gef:EG:ff) _ a)m _ ,}/

Figure 3 shows the steady-state logarithmic negativity as
a function of driving strength &5. To visualize the behavior
of entanglement in the bistable regime, we select the BS-type
sideband (such sideband is unentangled in the linear case for
the system), i.e., A = @Wy. As shown in the figure, as the

driving increases, nonlinear effects emerge and the effective
detuning gradually shifts from the BS-type sideband to the
PDC-type sideband where entanglement can be generated. In
the first stable branch of the system, tiny entanglement ap-
pears due to small changes in effective detuning, marked with
the yellow area I in the figure. Dissipative coupling in this re-
gion can enhance entanglement. In the second stable branch,
large entanglement emerges. In this region, the effective de-
tuning is close to —@y, and entanglement reaches a maxi-
mum when the system is driven to the PDC-type sideband.
Dissipative coupling is significant for entanglement in this re-
gion, marked with grey area. The entanglement is much larger
with g« = 5 x 107 @y, than with g, = 0 and gx = 107> @y,.
This is because the effective dissipation tends to O in the
gk =5X 102wy, case (see Fig. 2(b)), thus the large steady
state entanglement is highlighted. It is worth noting that al-
though the mean-field of the system is nonlinear, the quantum
part remains linear, ensuring Gaussianity in the computational
process and the availability of entanglement criteria. For the
unstable solution in Fig. 2 (dotted-line), since this part of the
solution is not energy-conserving, the decay brought by the
dissipative coupling in Gef is much stronger than the energy
introduced by the driving. As a result, the non-diagonal ele-
ments rapidly decay to 0, and no entanglement will be induced.
Hence, no special treatment is needed to deal with this part in
Fig. 3.

() 3 By IO RY ©
- IT < I "“ g =0
- \
- - == - -— 5 Hg.= 1075"‘-}m
- - - I - - N
o P < - & m g, = 5X10"%w,,
= > mg.=0 B meg. =0 IR 0] £
e 1% [ gh.,:;trl;wnj 3 W g, =107, 3 N .
“, W 8. =5X10""wy, % =5X10"%w,, 3
I/” ¢ M 8« 3 - UII
I _ . S0
. I 1 s IVabie
0 . L
Unsolvable region Unsolvable region < S
—1 —0.02 <
0 5000 10000 0 5000 10000 0 5000 10000
Ed/ W Ed/ Wiy Ed/ Wiy
d _ e f .
U ©) .1 [——— m— U E
8 e T PO - =
107G S
\ , IT S
k me.=0 ; \
\,8 s 7 ) 5
W g, =10 w, 3 ; 3 o
® ., n 7 11 3 W =
S Mo W =5x10%, K ; < me. =0 5
e 3} oY — -
TN € L S 3 o W W g. =10 w,
TN L 1 S S S _mg=5X10,
“, = i W, =10""w, -=
BT B, = 55105, s
l ~—
O— ! 0 —0.5 -~
0 1 2 0 1 2 0 1 2

/Wi (1077)

/W (107%)

8u/wm (1077%)

Fig. 2. Bistability of the intracavity photon number, effective dissipation and effective frequency with respect to (a)—(c) input power and (d)—(e)

coupling rate g,. The other parameters are A.

O, 80/ On = 1073, k/@m = 0.1, &/ 0y = 103, y/@ = 107, ng, = 100.
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0.4
=l - 8e=0 11
R 2. = 105w,
E 0.3 .= 5X10"%w,,
(]
g 0.2}
ED 0.006 )
& 0.1 Ole—eeZ ol
< 0 2000 3
) 0 SR Iy § R CAmea |
0 2000 4000 6000 8000 10000
Ed/ Wm

Fig. 3. Steady-state entanglement in the bistable regime with different
gx. The yellow region indicates entanglement induced by the I branch
and the grey region indicates entanglement induced by the II branch. The
other parameters are the same as in Fig. 2.

3. Discussion and conclusions

Dissipative coupling has been experimentally realized in
membrane optomechanical systems[?”-%%! and crystal optome-
chanical systems. > Among these, the membrane optome-
chanical system offers adjustable coupling coefficients g and

21.28.65] \whereas the

gk, but the coupling strength is weak,!
crystal optomechanical system provides stronger coupling, al-
beit with challenging adjustments of g and g.[*"%% In our
discussion, no specific requirements are imposed on the sys-
tem parameters. The key to achieving bistability lies in the
coupling coefficient g, and the driving strength &. If the gg
of the system is small, a robust laser driving becomes neces-
sary, and the commonly used driving strengths in experiments
are on the order of mW. The corresponding &g/ @, ~ 108 with
1550 nm optical laser and 5.5 GHz mechanical resonator, 6]
which far exceeds the driving strengths depicted in our figures.
Thus, our discussion is within the scope of an experiment.

We have investigated the entanglement behavior in the
dissipative coupled optomechanical system in the bistable
regime. Dissipative coupling allows the system to achieve
large steady-state entanglement by eliminating the effective
dissipation, which is different from the nonlinearly induced
weak entanglement in purely dispersion-coupled systems.
Dissipatively coupled systems lead to rich physics, both in
terms of frequency modulation by classical nonlinearities and,
more importantly, the induction of dissipation modulation,
which makes it possible to protect or highlight the quantum be-
havior of the system through dissipative coupling. Our study
provides a new perspective for the protection of the quantum
effect by dissipative coupling.

Acknowledgments

We thank Chen-Jie Zhang for the instructive discussions.
Project supported by the National Natural Science Founda-
tion of China (Grant No. 12074206) and the Natural Sci-
ence Foundation of Zhejiang Province of China (Grant No.
LY22A040005). Xuan Leng is supported by the National Nat-
ural Science Foundation of China (Grant No. 22103043).

[1]
[2]

[3]
[4]

[5]
[6]

[7]
[8]

[9]
[10]
(1]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]

[23]
[24]

[25]
[26]

[27]
(28]

[29]
[30]

[31]
(32]
[33]
[34]
[35]
[36]

(371
[38]

[39]

[40]
[41]

[42]
[43]

[44]
[45]

[46]

(471
[48]

060313-5

References

Horodecki R, Horodecki P, Horodecki M and Horodecki K 2009 Rev.
Mod. Phys. 81 865

Pan J W, Chen Z B, Lu C Y, Weinfurter H, Zeilinger A and Zukowski
M 2012 Rev. Mod. Phys. 84 777

Chitambar E and Gour G 2019 Rev. Mod. Phys. 91 025001

Kok P, Munro W J, Nemoto K, Ralph T C, Dowling J P and Milburn G
J2007 Rev. Mod. Phys. 79 135

Galindo A and Martin-Delgado M A 2002 Rev. Mod. Phys. 74 347
Maier T, Jarrell M, Pruschke T and Hettler M H 2005 Rev. Mod. Phys.
77 1027

Weedbrook C, Pirandola S, Garcia-Patrén R, Cerf N J, Ralph T C,
Shapiro J H and Lloyd S 2012 Rev. Mod. Phys. 84 621

Clausen C, Usmani I, Bussieres F, Sangouard N, Afzelius M, de Ried-
matten H and Gisin N 2011 Nature 469 508

Zhao J, Li W and Gu Y 2013 Europhys. Lett. 104 10005

Wu S X, Bai CH, Li G, Yu C S and Zhang T 2024 Opt. Express 32 260
Yin X L and Liao J Q 2023 Phys. Rev. A 108 023728

Zhou L, Xiong H and Zubairy M S 2006 Phys. Rev. A 74 022321

Yu M, Shen H and Li J 2020 Phys. Rev. Lett. 124 213604

LiJ, Zhu S Y and Agarwal G S 2018 Phys. Rev. Lett. 121 203601
Chen Z X, Lin Q, He B and Lin Z Y 2017 Opt. Express 25 17237
Sinha K, Lin S Y and Hu B L 2015 Phys. Rev. A 92 023852

Zhou L, Han Y, Jing J and Zhang W 2011 Phys. Rev. A 83 052117
Beckey J L, Ma Y, Boyer V and Miao H 2019 Phys. Rev. D 100 083011
Wang Y D, Chesi S and Clerk A A 2015 Phys. Rev. A 91 013807
Wang Y D and Clerk A A 2013 Phys. Rev. Lett. 110 253601

You X and Li Y 2019 Phys. Rev. A 100 053842

Xia Y, Agrawal A R, Pluchar C M, Brady A J, Liu Z, Zhuang Q, Wilson
D J and Zhang Z 2023 Nat. Photonics 17 470

Fiaschi N, Hensen B, Wallucks A, Benevides R, Li J, Alegre T P M and
Groblacher S 2021 Nat. Photonics 15 817

Riedinger R, Wallucks A, Marinkovi¢ I, Loschnauer C, Aspelmeyer M,
Hong S and Groblacher S 2018 Nature 556 473

Elste F, Girvin S M and Clerk A A 2009 Phys. Rev. Lett. 102 207209
Aspelmeyer M, Kippenberg T J and Marquardt F 2014 Rev. Mod. Phys.
86 1391

Sawadsky A, Kaufer H, Nia R M, Tarabrin S P, Khalili F Y, Hammerer
K and Schnabel R 2015 Phys. Rev. Lett. 114 043601

Xuereb A, Schnabel R and Hammerer K 2011 Phys. Rev. Lett. 107
213604

Li M, Pernice W H P and Tang H X 2009 Phys. Rev. Lett. 103 223901
Meng J W, Tang S J, Sun J, Shen K, Li C, Gong Q and Xiao Y F 2022
Phys. Rev. Lett. 129 073901

Wu M, Hryciw A C, Healey C, Lake D P, Jayakumar H, Freeman M R,
Davis J P and Barclay P E 2014 Phys. Rev. X 4 021052

Weiss T, Bruder C and Nunnenkamp A 2013 New J. Phys. 15 045017
Huang S, Deng L and Chen A 2023 Phys. Rev. A 107 013524

Biehs S A and Agarwal G S 2023 Phys. Rev. B 108 035423

Liu Y, Liu Y, Hu C S, Jiang Y K, Wu H and Li Y 2023 Phys. Rev. A
108 023503

Tagantsev A K, Sokolov I V and Polzik E S 2018 Phys. Rev. A 97
063820

Qu K and Agarwal G S 2015 Phys. Rev. A 91 063815

Safavi-Naeini A H, Alegre T P M, Chan J, Eichenfield M, Winger M,
Lin Q, Hill J T, Chang D E and Painter O 2011 Nature 472 69
Eichenfield M, Chan J, Camacho R M, Vahala K J and Painter O 2009
Nature 462 78

Sete E A and Eleuch H 2012 Phys. Rev. A 85 043824

Marquardt F, Harris J G E and Girvin S M 2006 Phys. Rev. Lett. 96
103901

Ghobadi R, Bahrampour A R and Simon C 2011 Phys. Rev. A 84
033846

Weis S, Riviere R, Deléglise S, Gavartin E, Arcizet O, Schliesser A and
Kippenberg T J 2010 Science 330 1520

Agarwal G S and Huang S 2010 Phys. Rev. A 81 041803

Wu Z, Luo R H, Zhang J Q, Wang Y H, Yang W and Feng M 2017
Phys. Rev. A 96 033832

Ma P C, Zhang J Q, Xiao Y, Feng M and Zhang Z M 2014 Phys. Rev.
A 90 043825

Li W, Li C and Song H 2017 Phys. Rev. E 95 022204

Cheng J, Li W and Li J 2023 Phys. Rev. Res. 5 043197


http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1103/RevModPhys.84.777
http://dx.doi.org/10.1103/RevModPhys.91.025001
http://dx.doi.org/10.1103/RevModPhys.79.135
http://dx.doi.org/10.1103/RevModPhys.74.347
http://dx.doi.org/10.1103/RevModPhys.77.1027
http://dx.doi.org/10.1103/RevModPhys.77.1027
http://dx.doi.org/10.1103/RevModPhys.84.621
http://dx.doi.org/10.1038/nature09662
http://dx.doi.org/10.1209/0295-5075/104/10005
http://dx.doi.org/10.1364/OE.510160
http://dx.doi.org/10.1103/PhysRevA.108.023728
http://dx.doi.org/10.1103/PhysRevA.74.022321
http://dx.doi.org/10.1103/PhysRevLett.124.213604
http://dx.doi.org/10.1103/PhysRevLett.121.203601
http://dx.doi.org/10.1364/OE.25.017237
http://dx.doi.org/10.1103/PhysRevA.92.023852
http://dx.doi.org/10.1103/PhysRevA.83.052117
http://dx.doi.org/10.1103/PhysRevD.100.083011
http://dx.doi.org/10.1103/PhysRevA.91.013807
http://dx.doi.org/10.1103/PhysRevLett.110.253601
http://dx.doi.org/10.1103/PhysRevA.100.053842
http://dx.doi.org/10.1038/s41566-023-01178-0
http://dx.doi.org/10.1038/s41566-021-00866-z
http://dx.doi.org/10.1038/s41586-018-0036-z
http://dx.doi.org/10.1103/PhysRevLett.102.207209
http://dx.doi.org/10.1103/RevModPhys.86.1391
http://dx.doi.org/10.1103/RevModPhys.86.1391
http://dx.doi.org/10.1103/PhysRevLett.114.043601
http://dx.doi.org/10.1103/PhysRevLett.107.213604
http://dx.doi.org/10.1103/PhysRevLett.107.213604
http://dx.doi.org/10.1103/PhysRevLett.103.223901
http://dx.doi.org/10.1103/PhysRevLett.129.073901
http://dx.doi.org/10.1103/PhysRevLett.129.073901
https://doi.org/10.1103/PhysRevX.4.021052
http://dx.doi.org/10.1088/1367-2630/15/4/045017
http://dx.doi.org/10.1103/PhysRevA.107.013524
http://dx.doi.org/10.1103/PhysRevB.108.035423
http://dx.doi.org/10.1103/PhysRevA.108.023503
http://dx.doi.org/10.1103/PhysRevA.108.023503
http://dx.doi.org/10.1103/PhysRevA.97.063820
http://dx.doi.org/10.1103/PhysRevA.97.063820
http://dx.doi.org/10.1103/PhysRevA.91.063815
http://dx.doi.org/10.1038/nature09933
http://dx.doi.org/10.1038/nature08524
http://dx.doi.org/10.1038/nature08524
http://dx.doi.org/10.1103/PhysRevA.85.043824
http://dx.doi.org/10.1103/PhysRevLett.96.103901
http://dx.doi.org/10.1103/PhysRevLett.96.103901
http://dx.doi.org/10.1103/PhysRevA.84.033846
http://dx.doi.org/10.1103/PhysRevA.84.033846
http://dx.doi.org/10.1126/science.1195596
http://dx.doi.org/10.1103/PhysRevA.81.041803
http://dx.doi.org/10.1103/PhysRevA.96.033832
http://dx.doi.org/10.1103/PhysRevA.96.033832
http://dx.doi.org/10.1103/PhysRevA.90.043825
http://dx.doi.org/10.1103/PhysRevA.90.043825
http://dx.doi.org/10.1103/PhysRevE.95.022204
http://dx.doi.org/10.1103/PhysRevResearch.5.043197

Chin. Phys. B 33, 060313 (2024)

[49]
[50]

[51]
[52]
[53]
[54]
[55]

[56]
[57]

Rabl P 2011 Phys. Rev. Lett. 107 063601

Huang R, Miranowicz A, Liao J Q, Nori F and Jing H 2018 Phys. Rev.
Lett. 121 153601

Liao J Q and Nori F 2013 Phys. Rev. A 88 023853

Zhang W Z, Cheng J, Liu J Y and Zhou L 2015 Phys. Rev. A 91 063836
Wang G, Huang L, Lai Y C and Grebogi C 2014 Phys. Rev. Lett. 112
110406

Vitali D, Gigan S, Ferreira A, Bohm H R, Tombesi P, Guerreiro A, Ve-
dral V, Zeilinger A and Aspelmeyer M 2007 Phys. Rev. Lett. 98 030405
Kotler S, Peterson G A, Shojaee E, Lecocq F, Cicak K, Kwiatkowski A,
Geller S, Glancy S, Knill E, Simmonds R W, Aumentado J and Teufel
J D 2021 Science 372 622

Gao Y P and Wang C 2021 Opt. Express 29 25161

Kilda D and Nunnenkamp A 2016 J. Opt. 18 014007

[58]

[59]

[60]
[61]
[62]
[63]

[64]
[65]
[66]

060313-6

Primo A G, Carvalho N C, Kersul C M, Frateschi N C, Wiederhecker
G S and Alegre T P M 2020 Phys. Rev. Lett. 125 233601

Boulier T, Bamba M, Amo A, Adrados C, Lemaitre A, Galopin E,
Sagnes I, Bloch J, Ciuti C, Giacobino E and Bramati A 2014 Nat. Com-
mun. 5 3260

Zhang J, Mu Q X and Zhang W Z 2018 Chin. Phys. B 27 040304
Adesso G, Serafini A and Illuminati F 2004 Phys. Rev. A 70 022318
Plenio M B 2005 Phys. Rev. Lett. 95 090503

Vitali D, Tombesi P, Woolley M J, Doherty A C and Milburn G J 2007
Phys. Rev. A 76 042336

Mari A and Eisert J 2009 Phys. Rev. Lett. 103 213603

Meyer H M, Breyer M and Kohl M 2016 Appl. Phys. B 122 290
Primo A G, Pinho P V, Benevides R, Groblacher S, Wiederhecker G S
and Alegre T P M 2023 Nat. Commun. 14 5793


http://dx.doi.org/10.1103/PhysRevLett.107.063601
http://dx.doi.org/10.1103/PhysRevLett.121.153601
http://dx.doi.org/10.1103/PhysRevLett.121.153601
http://dx.doi.org/10.1103/PhysRevA.88.023853
http://dx.doi.org/10.1103/PhysRevA.91.063836
http://dx.doi.org/10.1103/PhysRevLett.112.110406
http://dx.doi.org/10.1103/PhysRevLett.112.110406
http://dx.doi.org/10.1103/PhysRevLett.98.030405
http://dx.doi.org/10.1126/science.abf2998
http://dx.doi.org/10.1364/OE.431211
http://dx.doi.org/10.1088/2040-8978/18/1/014007
http://dx.doi.org/10.1103/PhysRevLett.125.233601
http://dx.doi.org/10.1038/ncomms4260
http://dx.doi.org/10.1038/ncomms4260
http://dx.doi.org/10.1088/1674-1056/27/4/040304
http://dx.doi.org/10.1103/PhysRevA.70.022318
http://dx.doi.org/10.1103/PhysRevLett.95.090503
http://dx.doi.org/10.1103/PhysRevA.76.042336
http://dx.doi.org/10.1103/PhysRevA.76.042336
http://dx.doi.org/10.1103/PhysRevLett.103.213603
http://dx.doi.org/10.1007/s00340-016-6564-z
http://dx.doi.org/10.1038/s41467-023-41127-7

	1. Introduction
	2. Model and Hamiltonian
	3. Discussion and conclusions
	References

